Astrocytes dynamic interactions with neurons play an active role in neurotransmission. The gap junction (GJ) subunits connexins 43 and 30 are strongly expressed in astrocytes and have recently been shown to regulate synaptic activity and plasticity. However, the specific role of connexin 43 in the morphological and electrophysiological properties of astrocytes in situ as well as in synaptic transmission remains unknown. Here, we show that connexin 43, a major determinant of astroglial GJ coupling, regulates astrocyte cell volume, but has no impact on astroglial passive membrane properties. Furthermore, we demonstrate that connexin 43 modulates glutamatergic synaptic activity of hippocampal CA1 pyramidal cells. This regulation involves changes in synaptically released glutamate, with no alteration in neuronal excitability or postsynaptic function. These results reveal connexin 43 as a critical player in neuroglial interactions by supporting synaptic efficacy.
Introduction
Recent data suggest that astrocytes play an important role in behaviour and cognitive functions [1 -3] . Indeed, astrocytes integrate neuronal inputs through their membrane channels, receptors and transporters, and can transmit information by clearing or releasing a number of neuroactive substances. Such astroglial function can modulate neuronal excitability, synaptic activity and plasticity, as well as network activity. However, the molecular mechanisms of such regulations remain unclear.
In astrocytes, the high expression level of the two main gap junction (GJ) proteins connexins 30 and 43 (Cx) , together with their role in intercellular communication, is thought to contribute to brain homeostasis through nutrient transport, as well as glutamate clearance and potassium spatial buffering [3, 4] , and suggests that they play an important role in neuroglial interactions. This hypothesis is supported by neurodevelopmental defects [5] , impaired neuronal plasticity [6] , accelerated hippocampal spreading depression, enhanced locomotor activity and increased exploratory behaviour [7] in astrocyte-targeted Cx43 knockout mice, as well as altered neurogenesis [8] , potassium buffering [9] , energy metabolism [10] , synaptic activity and plasticity [11] , and dysmyelination and vacuolation [12] in Cx43 and Cx30 double knockout mice.
Cx subunits assemble to form hemichannels that align between adjacent cells to form intercellular GJ channels. They mediate direct cell-to-cell diffusion of ions and small signalling molecules (less than 1.5 kDa), providing electrical and metabolic coupling between connected cells [3] . Cx functions, however, extend beyond GJ communication, and also include extracellular exchanges mediated by hemichannels, as well as channel-independent functions involving cell adhesion or signalling [4, 13] . Interestingly, Cx43 differs from Cx30 in several aspects, including temporal and regional distribution patterns [4] , biophysical properties, intracellular C-terminal domain [14] , regulation by neuronal activity [15] and contribution to behaviour [7, 16, 17] . Therefore, determining whether each Cx confers specific features to astrocytes, and unravelling the underlying differential regulations of neurotransmission are crucial issues.
We recently found that there was a non-channel function of Cx30 which, by controlling the astroglial coverage of synapses, sets synaptic strength through alteration of astroglial glutamate transport [18] . While a few Cx43 functions in astrocyte biology and brain development have been described involving intercellular communication, release of gliotransmitters through hemichannels, and neuroglial proliferation and migration through adhesive properties [4, 13] , the specific role of Cx43 in synaptic transmission is currently unknown. We here show that Cx43 enhances hippocampal excitatory synaptic activity through modulation of synaptically released glutamate levels.
Material and methods (a) Animals
Experiments were carried out according to the guidelines of the European Community Council Directives of 1 January 2013 (2010/63/EU), and all efforts were made to minimize the number of animals used and their suffering. Experiments were performed in the hippocampus of wild-type and Cx43 fl/fl :hGFAPCre (Cx43 2/2 ) mice (provided by K. Willecke, University of Bonn, Germany), with conditional deletion of Cx43 in astrocytes, as previously described [17] . Mice of both genders and littermates were used at postnatal days 16-25, unless otherwise stated.
(b) Electrophysiology
Acute transverse hippocampal slices (300 -400 mm) were prepared as previously described [19] . Slices were maintained at room temperature in a storage chamber that was perfused with an artificial cerebrospinal fluid (ACSF) containing (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgSO 4 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 and 11 glucose, saturated with 95% O 2 and 5% CO 2 , for at least 1 h prior to recording. Slices were then transferred to a submerged recording chamber mounted on an Olympus BX51WI microscope and were perfused with ACSF at a rate of 1.5 ml min 21 at room temperature. All experiments were performed in the presence of picrotoxin (100 mM), and a cut was made between CA1 and CA3 to prevent the propagation of epileptiform activity, except when indicated. Astroglial whole-cell patch-clamp recordings, intercellular coupling experiments and synaptic electrophysiology were performed as previously described [11, 18] . Evoked postsynaptic responses were induced by stimulating Schaffer collaterals (0.1 Hz) in CA1 stratum radiatum with ACSF-filled glass pipettes. Somatic whole-cell recordings were obtained from visually identified CA1 pyramidal cells and astrocytes, using 5 -10 MV glass pipettes filled with either (in mM): 105 K-gluconate, 30 ). Recordings were acquired with Axopatch-1D amplifiers (Molecular Devices, USA), digitized at 10 kHz, filtered at 2 kHz, stored and analysed on computer using PCLAMP9 and CLAMPFIT9 softwares (Molecular Devices).
(c) Immunohistochemistry and immunoblotting
Immunohistochemistry, immunoblotting, sulforhodamine 101 astroglial labelling on acute living slices and quantifications were performed as previously described [11, 18] . The used antibodies included Homer1 rabbit polyclonal antibody (1 : 200, AB160 003, Synaptic Systems), VGlut1 guinea pig polyclonal antibody (1 : 500, AB5905, Chemicon), and all other antibodies as previously described [11, 18] . For quantification of VGlut1-Homer1 co-localization, images of VGlut1-and Homer1-stained slices were acquired with a confocal laser-scanning microscope (Leica TCS SP5) at 0.1 mm interval. The images were first deconvoluted with HUYENS software, using microspheres (size 0.175 + 0.005 mm) to approximate the point spread function (PS-Speck Microscope point source kit 7220, Molecular Probes). Deconvoluted images were then filtered by segmentation using a multi-dimensional image analysis interface [20] implemented in METAMORPH (Molecular Devices). Co-localization between VGlut1 and Homer1 puncta was determined using masks.
(d) Statistics
Two-tailed unpaired t-tests were used for between-group comparisons. Statistical significance for within-group comparisons was determined by two-way repeated measures ANOVA. All statistical analysis was performed in GraphPad PRISM v. 6. We then investigated whether Cx43 deficiency altered typical functional electrophysiological features of astrocytes, and found no effect on intrinsic membrane properties such as resting membrane potential, membrane resistance or passive whole-cell current patterns (linear current-voltage relationship, figure 1e). However, Cx43 2/2 astrocytes displayed a strong increase in membrane capacitance (approx. 100%; figure 1e,f), consistent with the increased soma area (figure 1d).
Results

(b) Cx43 modulates hippocampal excitatory synaptic activity
To investigate the role of Cx43 in synaptic strength, we measured evoked basal synaptic responses at CA1 Schaffer collateral synapses in acute hippocampal slices from Cx43 2/2 mice. By rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130596 comparing the amplitude of the presynaptic fibre volley (input) with the slope of the field excitatory postsynaptic potentials (fEPSPs; output), we found an approximately 30% reduction in synaptic transmission in Cx43 2/2 mice (figure 2a). Such modulation of synaptic activity occurred at the single synapse level, because minimal stimulation, activating single or very few synapses, successfully evoked excitatory postsynaptic currents (EPSCs) with decreased amplitude, but no change in failure rate (figure 2b). The decreased synaptic transmission did not result from major developmental defects, because hippocampi from Cx43 2/2 mice showed no gross anatomical alterations. The overall cytoarchitecture and layered structure of the hippocampi from Cx43 2/2 mice appeared normal (figure 2c).
Similarly, the number of CA1 pyramidal cells and astrocytes, assessed by immunostaining, was unchanged (figure 2d), as previously reported in Cx30 2/2 Cx43 2/2 mice [11] . Finally, the levels of the pre-and postsynaptic proteins synaptophysin and PSD-95, respectively, assessed by Western blot analysis in whole hippocampal extracts (figure 2e), as well as the density of stratum radiatum excitatory synapses, in which presynaptic vesicular glutamate transporter 1 (VGlut1) was juxtaposed to postsynaptic Homer1 (figure 2f ), were also unchanged in these mice, suggesting similar total structural synaptic contacts. EPSCs from CA1 pyramidal cells in response to minimal stimulation, illustrated by (i) plots of EPSC amplitude versus trial number and (ii) superimposed traces recorded at 270 mV, and quantified by (iii) mean amplitude of successful events (EPSC potency) and failure rate in þ/þ (n ¼ 12) and 2/2 (n ¼ 12) mice. Scale bar, 10 pA, 20 ms. (c) Hippocampal layered structure revealed by immunostaining with the nucleus marker To-pro in þ/þ and 2/2 mice. Scale bar, 200 mm. (d) Illustration of hippocampal slices double-stained with To-pro and S100 (astrocytic marker), and quantification of CA1 pyramidal neurons (To-pro þ and S100 2 cells in CA1 pyramidal cell layer) and astrocytes (S100 þ cells in CA1 stratum radiatum) density in þ/þ (n ¼ 9 and 16 fields, respectively) and 2/2 (n ¼ 12 and 16 fields, respectively) mice. Scale bar, 100 mm. (e) Sample immunoblot analysis of the pre-and postsynaptic proteins synaptophysin and PSD95, respectively, in hippocampal extracts from þ/þ (n ¼ 3) and 2/2 (n ¼ 3) mice. Equivalent loading was assessed by tubulin levels. (f) Number of excitatory synapses assessed by co-localized clusters (merge, yellow) of VGlut1 (red) and Homer1 (green) labelling in the hippocampus of þ/þ (n ¼ 37 fields) and 2/2 (n ¼ 48 fields) mice. Analysis was performed on binary images (masks). Scale bar, 2 mm. Asterisks indicate statistical significance (two-way repeated measures ANOVA (a) and Student's unpaired t-test, *** p , 0.001; *p , 0.05). rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130596 of functional postsynaptic AMPARs was altered, but found no change in AMPAR-mediated whole-cell currents elicited in CA1 pyramidal cells by local application of high AMPA concentration in the presence of tetrodotoxin and cyclothiazide (figure 3b). Western blot analysis also showed that GluR1 and GluR2/3 AMPAR subunit protein levels were unchanged in the hippocampus of Cx43 2/2 mice (figure 3c), further indicating unchanged AMPAR density. We then investigated whether the decrease in glutamatergic synaptic transmission was restricted to AMPAR activity, by comparing the AMPAR and N-methyl-D-aspartate receptor (NMDAR) components of the EPSC. The AMPA/NMDA ratio was unchanged in CA1 pyramidal cells from Cx43 2/2 mice (figure 3d), indicating that the defect in synaptic transmission equally affected the NMDA component of the EPSC. In addition, AMPA and NMDA EPSCs displayed similar decay kinetics, suggesting no change in synaptic glutamate dynamics (AMPA decay time constant: wild-type 19.75 + 1.76 ms, n ¼ 11; Cx43 2/2 20.6 + 2.57 ms, n ¼ 8; NMDA decay time constant: wild-type 100.8 + 7.2 ms, n ¼ 11; Cx43 2/2 109.9 + 12.5 ms, n ¼ 8; unpaired t-test). Taken together, these data suggest that the decreased excitatory synaptic transmission in Cx43 2/2 mice did not result from postsynaptic dysfunction, but may rather involve changes in synaptic glutamate concentration, affecting AMPARs and NMDARs similarly. To test this hypothesis directly, we used g-D-glutamylglycine (g-DGG), a low affinity competitive AMPAR antagonist at non-saturating concentration (500 mM), whose potency directly depends on glutamate levels. We found that g-DGG inhibition of AMPAR-mediated EPSCs was stronger in pyramidal cells from Cx43 2/2 mice than from wild-type mice (figure 3e), thereby indicating reduced synaptic glutamate levels in Cx43 2/2 mice. Because astrocytes strongly contribute to glutamate uptake [22] , we investigated whether decreased synaptic glutamate in Cx43 2/2 mice resulted from increased glial glutamate clearance. To do so, we recorded simultaneously synaptically evoked glutamate transporter currents isolated pharmacologically in astrocytes, and neuronal responses (fEPSPs), and found that the amplitude of evoked astroglial glutamate transporter currents was instead decreased by approximately 50% in Cx43 2/2 mice. However, when normalized to the decreased associated excitatory synaptic transmission, the glutamate transporter current amplitude was unchanged (figure 3f), indicating that the reduced astroglial glutamate uptake in Cx43 2/2 mice solely reflected weaker glutamatergic synaptic activity. To determine whether transmitter release was altered in Cx43 2/2 mice, we recorded AMPAR miniature EPSCs (mEPSCs) in CA1 pyramidal cells, and found a reduction in their amplitude, known to reflect vesicular glutamate content and/or postsynaptic receptor activity, but no significant change in their frequency, although there was a tendency for a decrease, likely resulting from decreased amplitudes of miniature events below threshold detection level (less than 5 pA; figure 3g ). As we found no change in postsynaptic responses in Cx43 2/2 mice, these results, consistent with the decreased amplitude but unchanged failure rate of EPSCs evoked by minimal stimulation (figure 2b), suggest a decreased quantal size with no alteration in release probability.
Discussion
We here show that Cx43 is a crucial player in the neuroglial dialogue promoting synaptic efficacy of excitatory terminals.
By setting the levels of glutamate at synapses, Cx43 modulates excitatory synaptic strength. Importantly, despite its preponderant contribution to hippocampal astrocytic GJ-mediated intercellular coupling, as previously reported [9, 10, 17] , Cx43 had no significant effect on the main typical electrophysiological properties of astrocytes. These data, akin to observations on disconnected astrocytes lacking both Cx30 and Cx43 [9, 11] , suggest that such properties, independent of GJ coupling, are intrinsic to astroglial membranes expressing specific ion channels [9, 11, 23, 24] . Two-pore domain K þ channels (K2P), in particular TWIK-1/TREK-1 heterodimers, have indeed recently been reported to mediate astrocyte passive conductance [25, 26] . However, we found that Cx43 regulates a fundamental physiological property of astrocytes, i.e. their cell volume, suggesting a role for Cx43 in the redistribution of extracellular ions and water. Such a function is specific to Cx43, because Cx43 2/2 astrocytes were swollen, similarly to disconnected Cx30 2/2 Cx43 2/2 astrocytes [11, 12] , but unlike Cx30 2/2 astrocytes [18] . The role of Cx43 in cell volume regulation that we describe here is consistent with other reports proposing that Cx-mediated GJ channels or hemichannels gate the flow of ions and small molecules (less than 1.5 kDa) from the extracellular space to the cytoplasm, which is sufficient to induce an osmotic gradient associated with water co-entry to equilibrate intracellular osmolarity [11, 27, 28] . Intercellular GJ communication mediated by Cx43 might hence buffer volume changes of individual astrocytes by redistributing ions and water molecules through the astroglial network and releasing them at distant sites, thereby contributing to astroglial cell volume homeostasis [11, 27, 28] . Notably, Cx43 uncoupled astrocytes, associated with decreased extracellular space volume, instead enhances glutamatergic synaptic transmission and neuronal excitability by raising extracellular glutamate and potassium levels and altering synaptic glutamate dynamics [11] . Furthermore, glutamate dynamics in the synaptic cleft is unlikely to be altered in Cx43 2/2 mice, because we found no change in decay kinetics of evoked AMPA and NMDA EPSCs. Remarkably, the defect in synaptic transmission in Cx43 2/2 mice results, like in Cx30 2/2 mice, specifically from reduced synaptic glutamate levels, with no alteration in neuronal excitability or postsynaptic activity [18] . Such regulation of basal synaptic transmission may well underlie the recently reported Cx43 regulation of whiskerrelated sensory functions and plasticity [6] . However, unlike Cx30 deficiency, Cx43 deletion does not reduce excitatory synaptic transmission by enhancing astroglial glutamate transport owing to changes in morphology [18] . Because we found in Cx43 2/2 mice alterations in glutamate quantal content, with no change in release probability, our data suggest that Cx43 rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130596 modulates presynaptic glutamate vesicular pools. Cx43 and Cx30 hence operate through two distinct mechanisms to regulate similarly synaptic transmission. How such differential Cx43-and Cx30-mediated mechanisms do occur remains unknown. Remarkably, Cx43 and Cx30 GJ channels and hemichannels display distinct biophysical properties and permeability to small physiological molecules such as neurotransmitters or energy metabolites [14, 30] . While we recently reported that Cx30 regulation of synaptic transmission relies on an unconventional non-channel function regulating cell adhesion and migration and controlling the synaptic location of astroglial processes [18] , it is still unclear whether it is the channel (GJ or hemichannel) or nonchannel functions of Cx43 that are involved in the regulation of synaptic activity. Cx43-mediated GJ channels could support excitatory synaptic transmission by providing energy metabolites such as glucose, lactate [10] or glutamine, which all permeate Cx43 channels [31] . Glutamine diffusion through the astroglial GJ network is of particular interest, because it may be involved in the neuroglial glutamine-glutamate cycle [32] , necessary to fuel glutamate presynaptic pools and thereby supports excitatory synaptic transmission ( [33, 34] , but see [35] ). Alternatively, Cx43 hemichannels could mediate release of energy metabolites or gliotransmitters sustaining excitatory synaptic transmission, because they have recently been shown to be involved in neuronal network activity [36] or memory consolidation [37] . Finally, Cx43 non-channel functions related to protein interactions, cell adhesion or intracellular signalling may also be involved in the regulation of synaptic transmission. In particular, recent studies show that Cx43 can participate to brain development by affecting neural proliferation, migration or differentiation, in part through non-channel functions [5, 38, 39] . While we and others did not find gross developmental defects in Cx43 2/2 mice with C57BL6 background [5, 6, 17, 40, 41] , specific malfunctions related to the maturation of hippocampal presynaptic terminals or to alterations in synapse geometry cannot be excluded. Importantly, Cx43 expression in astrocytes is regulated by numerous molecules originating from different cell types during various physiological and pathological situations [42] , including stress exposure [43] , depression [44] , sleep recovery [45] or autism [46] . This study therefore suggests that dynamic modulations of Cx43 expression might contribute to synaptic plasticity and behaviour by setting the amount of presynaptic glutamate release.
